INTRODUCTION
Nitric oxide (NO) is a reactive, water-soluble free radical gas that reacts with metal centres, [Fe-S] clusters and amino acids in proteins. In bacteria, NO can be synthesized endogenously by the respiratory reduction of nitrite under anaerobic conditions, or as a product of the oxidation of arginine by the bacterial nitric oxide synthase (Corker & Poole, 2003; Spiro, 2007; Crane et al., 2010) . Pathogenic and commensal species are also exposed to the NO made by the inducible nitric oxide synthase (iNOS) in phagocytic cells of the innate immune system (Fang, 2004) . NO is thus analogous to superoxide, in that both are made endogenously as by-products of normal respiratory metabolism, and both are exploited in the immune system to counteract invading pathogens. As is also the case for superoxide, bacteria have evolved regulatory and enzymic mechanisms to mount a response to NO and related reactive nitrogen species (RNS).
In enteric bacteria such as Escherichia coli, two major regulators of the NO stress response are NorR and NsrR. NorR is a NO-responsive transcription factor that activates transcription of the norVW genes encoding flavorubredoxin (FlRd) and associated redox protein, which catalyse the NADH-dependent reduction of NO to nitrous oxide (Gomes et al., 2002; Hutchings et al., 2002; Gardner et al., 2003) . NsrR is an NO-sensitive repressor from the Rrf2 family that contains an [Fe-S] cluster. The cluster is likely to be [4Fe-4S], and reaction with NO is accompanied by a decrease in DNA binding affinity and de-repression of NsrR-regulated promoters (Bodenmiller & Spiro, 2006; Tucker et al., 2008; Yukl et al., 2008; Crack et al., 2015) . The previously characterized NsrR regulon includes genes encoding the NO-scavenging flavohaemoglobin (hmp), the RIC (repair of iron centres) protein that participates in the repair of NO-damaged [Fe-S] clusters (ytfE), the respiratory nitrite reductase Nrf that is also an NO reductase (nrfABCDEFG), genes involved in motility ( fliA) and aromatic amine metabolism (tynA, feaB), and genes of unknown function, for example ygbA, yccM and yeaR-yoaG (Bodenmiller & Spiro, 2006; Filenko et al., 2007; Lin et al., 2007; Rankin et al., 2008; Partridge et al., 2009) . The NsrR binding site is an 11-1-11 bp inverted repeat of the consensus motif AAGATGCYTTT (Bodenmiller & Spiro, 2006) . Evidence from chromatin immunoprecipitation and microarray analysis (ChIP-chip) suggests that a single 11 bp copy of this motif can be bound by NsrR in vivo and that occupation of such a site (for example in the fliA promoter) can result in weak regulation by NsrR (Partridge et al., 2009) .
The E. coli nsrR coding region is preceded by a long 59 untranslated region, and translation of nsrR initiates with a GUG start codon (Cairrão et al., 2003) . The GUG start codon is 2-3-fold less efficient in translation initiation than the more commonly used AUG (Reddy et al., 1985; Khudyakov et al., 1988; O'Donnell & Janssen, 2001) , though sequences immediately upstream and downstream of the start codon also play an important role in the efficiency of initiation (Stenström et al., 2001) . The nsrR gene is co-transcribed with the downstream genes rnr, rlmB and yjfI, from a promoter that is relatively strong and that is not subject to auto-regulation by NsrR (Cairrão et al., 2003; and our unpublished work) . Thus, we speculate that inefficient translation maintains a low abundance of NsrR, while still allowing high-level expression of downstream genes. Furthermore, we have shown that the overexpression of nsrR severely represses some genes that are only modestly derepressed by deletion of nsrR (Rankin et al., 2008; Partridge et al., 2009) . Thus, the abundance of NsrR seems to be poised in such a way that an increase in NsrR levels has measurable consequences for the expression of some NsrR targets. The objective of the current study was, therefore, to determine the extent to which the nsrR start codon influences the behaviour of the NsrR regulon. In the course of this work, we identified the suf operon and poxB as novel targets for NsrR regulation. The Suf-dependent repair of [Fe-S] clusters and pyruvate metabolism are processes that may, therefore, be affected by exposure to NO.
METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in the present study are listed in Table 1 . The rich medium used was L broth (10 g tryptone l 21 ; 5 g yeast extract l 21 ; 5 g NaCl l
21
). M9 minimal salts medium (12.8 g Na 2 HPO 4 .7H 2 O l 21 ; 3 g KH 2 PO 4 l 21 ; 1 g NH 4 Cl l 21 ; 0.5 g NaCl l 21 ; 1 mM MgSO 4 ; 0.1 mM CaCl 2 ) was used with 0.2 % (w/v) glucose, 0.4 % (v/v) glycerol or 5 mM phenylethylamine (Rankin et al., 2008) as indicated, and 0.05 % Casamino acids. Kanamycin was added at 25 mg ml 21 and ampicillin at 100 mg ml 21 as required. The cultures for microarray analysis were grown aerobically in L broth to mid-exponential phase (OD 650 5*0.6). For pyruvate oxidase activity assays, cultures were grown anaerobically in L broth with 20 mM glucose and 10 mM acetate. All cultures were grown at 37 uC, except for growth on phenylethylamine, which was at 30 uC (Rankin et al., 2008) . For b-galactosidase assays, cultures were grown to early exponential phase (OD 650 50.25-0.4) and were then treated with spermine NONOate (which releases two equivalents of NO with a half-life of 39 min at 37 uC; Cayman Chemicals) at the concentration indicated for 50-90 min. b-Galactosidase was assayed as described elsewhere (Miller 1992) .
Genetic manipulations. A wild-type nsrR promoter-lacZ translational fusion was made by fusing 204 bp from upstream of nsrR and the nsrR start codon to the lacZ gene in pRS552. The fusion was transferred to l RS45 then inserted into the E. coli chromosome in a single copy (Simons et al., 1987) . To change the nsrR start codon to AUG, the required point mutation was introduced into the cloned DNA by a QuikChange site-directed mutagenesis kit (Stratagene), prior to cloning into pRS552 (all primer sequences are in Table S1 ). Strains for microarray analysis were constructed in JOEY238 (MG1655 DnsrR) by inserting nsrR promoter and coding sequences into the leuABCD operon. DNA fragments containing nsrR genes and upstream regions were cloned into p2795 (Husseiny & Hensel, 2005) , and were amplified by PCR along with the kanamycin-resistance cassette, with PCR primers containing 59 sequences from the leuABCD genes. These fragments were electroporated into E. coli for integration of the nsrR and kanamycin-resistance genes into the leuABCD genes using the l red recombinase method (Datsenko & Wanner, 2000) . Mutants were checked for leucine auxotrophy, and by PCR analysis of the integrated DNA. An nsrR null mutant in an equivalent background was constructed by inserting the kanamycinresistance cassette into the leuABCD operon of JOEY238.
The sufA-lacZ fusion in strain PK7722 (Giel et al., 2006) was generously provided by Patricia Kiley (University of Wisconsin-Madison). The fusion was moved by P1 transduction into suitable strains from which the kanamycin-resistance cassette had been removed with the FLP recombinase (Datsenko & Wanner, 2000) . Strains containing ytfE, fliA, tynA, feaB and tehA reporter fusions to lacZ were constructed by introducing kanamycin-resistance cassettes and nsrR genes into the leuABCD operon using P1 transduction, with the strains made as described above as donors. Pyruvate oxidase activity was measured in strains deleted for aceE (which encodes the E1 subunit of the pyruvate dehydrogenase complex; PDHC); aceE mutations were introduced by P1 transduction using an aceE mutant from the Keio collection as the donor (Baba et al., 2006; Yamamoto et al., 2009) . The nsrR plasmid pJP07 is derived from p2795 and has been described previously (Husseiny & Hensel, 2005; Rankin et al., 2008) .
Microarray analysis. RNA samples were extracted from three independently grown cultures, as described elsewhere (Filenko et al., 2007) . Briefly, 15 ml bacterial culture was mixed with 30 ml RNAprotect bacterial reagent (Qiagen), and total RNA was isolated using an RNeasy Mini kit (Qiagen), according to the manufacturer's instructions. Contaminating DNA was removed by on-column DNase digestion using the RNase-free DNase set (Qiagen), and RNA purity was checked by UV absorbance and agarose gel electrophoresis. RNA samples were sent to Roche NimbleGen for cDNA synthesis, Cy3 labelling, hybridization and array scanning. Microarray data were analysed by ArrayStar 12 software. Genes with a twofold or higher expression ratio and Pj0.08 in both pairwise comparisons were selected for further consideration. Microarray data have been deposited in the GEO database with the accession number GSE70325.
Reverse transcriptase PCR (RT-PCR). Total RNA was extracted as described above from cultures grown aerobically in L broth at 37 uC. For cDNA synthesis, 2 mg total RNA was treated at 55 uC for 60 min with SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions, with primers P1, P4 or P6. RNaseOUT recombinant RNase inhibitor (Invitrogen) was included in the reactions. A negative control without reverse transcriptase was run in parallel for each primer extension. Second-strand synthesis was primed with P2, P3, P5 and P7 in different combinations, as described below.
Pyruvate oxidase activity assay. Mid-exponential phase anaerobic cultures (50 ml) were harvested and washed twice with 0.02 M potassium phosphate buffer (pH 6.0). The pellet was suspended in 1 ml of the same buffer and cells were disrupted by sonication on ice. The sonicated extract was centrifuged at 16 000 g at 4 uC for 20 min. Pyruvate oxidase activity was assayed as described by Chang & Cronan (1982) , with minor modifications. Reactions were carried out in a total volume of 2.5 ml in 3 ml glass cuvettes. The assay mixture contained 0.1 M potassium phosphate buffer (pH 6.0), 10 mM MgCl 2 , 0.1 mM thiamine pyrophosphate and 0.2 M sodium pyruvate. The reaction mixture was incubated at room temperature for 20 min after the addition of 100 ml cell-free extract. The reaction was initiated by the addition of 40 mM potassium ferricyanide, and the decrease in absorbance at 450 nm was recorded. Pyruvate was omitted from control reactions. 
RESULTS

NsrR expression is limited at the level of translation initiation
The DNA upstream of nsrR harbours a strong promoter, as determined by measurement of a transcriptional fusion to the lacZ reporter (around 1000 units of b-galactosidase activity in the Miller assay). We have shown that the promoter is not subject to auto-regulation by NsrR, and we have not found any environmental conditions that cause major changes in nsrR promoter activity (unpublished data). In contrast, expression of b-galactosidase by a strain containing a translational fusion of the nsrR promoter region to lacZ was below the detection limit of the enzyme assay. Thus, our results indicate that the nsrR promoter is strong but that the nsrR mRNA is translated inefficiently. This may reflect a combination of the use of an inefficient translation start codon and translation initiation region, extensive secondary structure of the 59 untranslated region, and other factors that affect the efficiency of translation. Expression of the downstream gene rnr is cold-shock inducible, by a mechanism that is not understood, but may involve mRNA stabilization at low growth temperature (Cairrão et al., 2003) . We have found no evidence to suggest that expression of nsrR is regulated by cold shock; thus, the cold shock-response mechanism is somehow directed towards the promoter distal gene(s) in the operon. We converted the nsrR start codon from GUG to AUG by a single point mutation, and constructed a translational fusion to lacZ. The activity of b-galactosidase expressed from this construct was extremely low (*14 units in the Miller assay), but was detectable, and significantly higher than the undetectable activity when the start codon was GUG. Next, we inserted nsrR genes with AUG and GUG start codons into the chromosome of E. coli strains also containing fusions of NsrR-regulated promoters to the lacZ reporter gene. The ytfE promoter is tightly regulated by NsrR (Bodenmiller & Spiro, 2006) , and is strongly repressed whether the nsrR start codon is AUG or GUG (Fig. 1) . The tynA, feaB and fliA promoters are weakly regulated by NsrR, meaning that these are only modestly derepressed in an nsrR mutant (Rankin et al., 2008; Partridge et al., 2009) . These promoters are more strongly repressed when the nsrR start codon is AUG than when it is GUG (Fig. 1) . The simplest explanation is that changing the start codon to AUG increases the abundance of NsrR, causing these three promoters (which presumably have low-affinity NsrR binding sites) to be repressed to a greater extent.
The results described thus far suggest that the start codon of nsrR is an important determinant of the behaviour of at least some NsrR-regulated genes. We scrutinized sequenced bacterial genomes to determine the pattern of start codon usage in nsrR genes. All members of the genus Escherichia are annotated as having a GUG start codon for the nsrR gene. However, amongst other genera, AUG and UUG start codons are also used. Notably, there are multiple instances when different species from the same genus use different nsrR start codons (examples include Salmonella, Streptomyces and Vibrio species). We are unable to discern any obvious correlation between the choice of start codon for nsrR and any other aspect of the biology of these organisms.
Expression profiling reveals new potential members of the NsrR regulon
As shown above, we found that simply changing the start codon of nsrR from GUG to AUG can lead to an increase in NsrR abundance that is sufficient to have a measurable effect on some promoters regulated by NsrR. This raises the possibility that use of the GUG start codon constrains the membership of the NsrR regulon, by preventing the Activities of NsrR-regulated promoters in strains expressing nsrR with AUG and GUG start codons, and in an nsrR mutant. Strains containing chromosomal lacZ reporter fusions to the ytfE (strains RS6, RS9 and RS12), tynA (RS5, RS8 and RS11), feaB (RS27, RS28 and RS29) and fliA (RS7, RS10 and RS13) promoters were grown to mid-exponential phase in minimal media containing glucose (for RS6, RS9 and RS12), phenylethylamine (RS5, RS8, RS11, RS27, RS28 and RS29) or glycerol (RS7, RS10 and RS13) as the carbon and energy source. The strains used were an nsrR null mutant (strains RS11, RS12, RS13 and RS27; white bars) and strains expressing nsrR with GUG (RS8, RS9, RS10 and RS28; black bars) and AUG (RS5, RS6, RS7 and RS29; grey bars) start codons and modified with a C-terminal 36FLAG tag. b-Galactosidase activities are the means of duplicate determinations made in three independently grown cultures. Equivalent strains expressing NsrR proteins not modified with C-terminal 36FLAG tags gave similar results (that is, the tag has no effect on repression mediated by NsrR; data not shown).
regulation of promoters with low-affinity NsrR binding sites that might otherwise be regulated if NsrR abundance were increased. To explore this, we used microarray technology to compare the transcriptomes of otherwise isogenic strains expressing chromosomal copies of nsrR with GUG and AUG start codons (RS24 and RS25, respectively) with the transcriptome of an nsrR null mutant (RS23). Cultures were grown aerobically in triplicate, and RNA was isolated in mid-exponential phase. Genes with a twofold or higher expression ratio (and Pj0.08) were chosen for further consideration.
Under the conditions employed for the transcriptomics, 24 genes passed the assigned cut-off to be considered directly or indirectly repressed by NsrR (Table 2) , while eight genes showed lower expression levels in the nsrR mutant ( A consistent pattern in the array data for genes negatively regulated by NsrR is that changes in expression levels have a higher magnitude (by a factor of approximately two, on average) when the nsrR start codon is AUG than when it is GUG ( Table 2 ). The likely explanation is that changing the start codon to AUG increases the abundance of NsrR, leading to increased repression of NsrR targets (whether directly or indirectly regulated). This effect is most noticeable for genes that are weakly regulated by NsrR in a wild-type strain. Thus, assignment of an arbitrary threshold in the expression data would lead us to conclude that some genes are in the NsrR regulon when the nsrR start codon is AUG, but not when it is GUG. One example of this effect is tehA, which is 1.5-fold repressed in the microarray data when the nsrR start codon is GUG and (Partridge et al., 2009) . Note that yeaR is a known NsrR target (Lin et al., 2007) and is a false-negative in ChIP-chip data. dSee text for details.
2.6-fold repressed when it is AUG. The tehA promoter contains an NsrR binding site in its sequence, and NsrR binding to the tehA promoter can be detected by a repressor titration assay (Bodenmiller & Spiro, 2006) and by ChIPchip (Partridge et al., 2009) . Previously, we found that the tehA promoter is not significantly derepressed in an nsrR mutant when assayed with a reporter fusion, and is not responsive to NO (Bodenmiller & Spiro, 2006) . When assayed in the new strains constructed for this study, a tehA-lacZ reporter fusion is modestly repressed by NsrR irrespective of the nsrR start codon. With a 50 % higher concentration of NO donor than we used previously, the tehA promoter is responsive to NO and is slightly more sensitive when the nsrR start codon is GUG than when it is AUG (Table 4) . As measured by these assays, the tehA promoter behaves slightly differently to those of the fliA, tynA and feaB genes ( Fig. 1) in that its activity is relatively insensitive to the status of the nsrR start codon. The regulation of the tehA promoter remains slightly puzzling, given that it has a high-quality NsrR binding site (Bodenmiller & Spiro, 2006) yet is very weakly regulated by NsrR. Table 3 lists the transcripts more highly expressed in the presence of NsrR compared with expression in the nsrR mutant. Although NsrR typically functions as a repressor, it is able directly to activate virulence-associated genes in E. coli O157 : H7 (Branchu et al., 2014) . Of those genes that behave as if positively regulated by NsrR (Table 3) , none has an NsrR binding site in its promoter according to our ChIP-chip data (Partridge et al., 2009) . Although falsenegatives in the ChIP-chip data cannot be excluded, the likelihood is that all of these genes are indirectly regulated by NsrR.
NsrR regulates expression of the Suf iron -sulfur cluster repair system
The two main iron-sulfur cluster synthesis/repair systems in E. coli are Isc and Suf. Isc is the major housekeeping activity, while the Suf system is important during oxidative stress or iron starvation (Outten et al., 2004) . The suf operon is subject to complex regulation, with roles for OxyR, Fur, IscR and IHF in controlling activity of the suf promoter (Lee et al., 2003 (Lee et al., , 2004 (Lee et al., , 2008 Yeo et al., 2006) . There is evidence that the suf genes are upregulated by exposure to NO (Justino et al., 2005; Pullan et al., 2007) , and of an NsrR binding site in the sufA promoter (Partridge et al., 2009). Our microarray data showed modest de-repression of suf genes in an nsrR mutant, although the statistical cut-off was not met for the DnsrR/ AUG nsrR comparison. Given the ChIP-chip evidence for NsrR regulation of the suf promoter, and the physiological rationale for NsrR regulation of the Suf system, we pursued this further. Using a sufA-lacZ reporter fusion, we found that the sufA promoter is approximately twofold derepressed in an nsrR mutant, and is significantly upregulated in the Table 4 . NsrR regulation of the tehA and sufA promoters
Strains containing chromosomal tehA-lacZ (RS48 and RS49) and sufA-lacZ (RS54 and RS55) reporter fusions and expressing nsrR genes with GUG and AUG start codons (and nsrR mutants, RS47 and RS53) were grown to mid-exponential phase. Cultures were treated with spermine NONOate (75 mM for 50 min for tehA-lacZ, and 200 mM for 90 min for sufA-lacZ) and were then assayed for b-galactosidase (Miller, 1992) . Data are the means of duplicate determinations made in three independently grown cultures.
Genotype b-Galactosidase activity (Miller units) tehA-lacZ sufA-lacZ
presence of NO (Table 4) , a pattern of expression that is consistent with direct regulation by NsrR. However, to observe a response to NO required a fourfold higher concentration of NO donor than we would use for a typical NsrR-regulated promoter such as ytfE. Further, there is some response to NO in an nsrR mutant, although the magnitude is smaller than in nsrR + strains (Table 4) . Fur and IscR binding sites overlap in the suf promoter region (Lee et al., 2008) , inhibition of Fur by NO (D'Autréaux et al., 2002) may lead to activation of the suf promoter by apoIscR (Yeo et al., 2006) . Our data, nevertheless, suggest that NsrR is a regulator of the sufA promoter and contributes to its upregulation by exposure to NO. Since [Fe-S] proteins are targets for inactivation by NO (Hyduke et al., 2007; Ren et al., 2008) , upregulation of an [Fe-S] repair system by NO makes good physiological sense. Indeed, the NsrR-regulated ytfE gene encodes a protein with a role in [Fe-S] cluster repair (Justino et al., 2009) .
The poxB gene is co-transcribed with hcp-hcr Pyruvate oxidase (PoxB) is a peripheral membrane enzyme that decarboxylates pyruvate to acetate and CO 2 (Hager, 1957) . It is a non-essential enzyme of uncertain physiological function, since the major routes for pyruvate catabolism involve the PDHC and pyruvate formate lyase (PFL) under aerobic and anaerobic conditions, respectively. The poxB gene is located downstream of the hcp-hcr operon, which is repressed by NsrR and activated by FNR (Filenko et al., 2007) . ChIP-chip data show NsrR binding sites associated with the 59 ends of both hcp and hcr (Partridge et al., 2009) , and NsrR binds to the hcp promoter in vitro (Chismon et al., 2010) . There is no evidence that hcr is expressed from its own promoter, so the NsrR binding site upstream of hcr is likely to be non-functional. The characterized s S -dependent promoter for poxB is located in the hcr-poxB intergenic region (Chang et al., 1994) and there is no evidence of an NsrR binding site in this region. Interestingly, of the three genes only hcp shows a greater magnitude of de-repression when the nsrR start codon is switched to AUG (Table 2 ). We do not have an explanation for this behaviour, but it may somehow relate to the location of hcp proximal to the NsrR-regulated promoter. Since poxB transcription is upregulated in an nsrR mutant (Table 2) , we tested the idea that there is read-through transcription from the NsrR repressed hcp promoter into poxB.
RT-PCR was used with primers targeted to the hcp-hcrpoxB region with mRNA samples isolated from a wildtype strain and an nsrR mutant (Fig. 2a) . Amplification with primers P1/P2 and P1/P3 verified that the hcp-hcr mRNA is more abundant in the DnsrR mutant (Fig. 2b,  lanes 1-4) . Amplification with primer pairs P2/P4, P3/P4 and P4/P7 shows that there is read-through transcription from hcp-hcr into poxB, and that the read-through transcript is more abundant in the DnsrR mutant (Fig. 2b,  lanes 5-10) . Thus, the upregulation of poxB mRNA in our array data probably reflects NsrR regulation of the hcp promoter. There was no visible effect of nsrR on the abundance of the poxB-only specific RT-PCR product (primers P5/P6).
To further verify poxB regulation by NsrR, we measured pyruvate oxidase activity in an assay using ferricyanide as the electron acceptor (Chang & Cronan, 1982) . Since the hcp promoter is induced under anaerobic conditions by FNR (van den Berg et al., 2000; Filenko et al., 2007) , we measured pyruvate oxidase activity in anaerobically grown cultures. Because the E1 subunit of the PDHC is also active in the pyruvate oxidase assay, we therefore introduced aceE mutations into the strains used for these assays (Langley & Guest, 1977) . Pyruvate oxidase activity was less than twofold upregulated in an nsrR mutant, but was approximately tenfold downregulated in a strain overexpressing NsrR from plasmid pJP07 ( Table 5 ). Note that there was a twofold downregulation of poxB in response to the empty vector, for reasons that are not yet clear. Expression of poxB was downregulated by pJP07, but not by conversion of the nsrR start codon to AUG (Table 2) . This difference may reflect the use of anaerobic growth conditions for the plasmid-based experiment, conditions which may lead to upregulation of poxB via FNR activation of the hcp promoter. Alternatively, higher levels of expression achieved using a high-copy number plasmid may result in a larger effect on poxB expression than that achieved by changing the start codon of nsrR. The pattern of a small response to nsrR deletion but a large response to nsrR overexpression is one that we have observed with several other NsrR targets (Rankin et al., 2008; Partridge et al., 2009) . Overall, our data suggest that poxB can be cotranscribed with hcp-hcr and, consequently, that NsrR makes a contribution to the regulation of poxB expression.
Metabolism of pyruvate via the PDHC may be sensitive to NO, which targets the redox active thiols of the lipoamide dehydrogenase component of PDHC (Richardson et al., 2011) and redox sensitive thiols of the E2 subunit (Brandes et al., 2007) . Pyruvate metabolism via PFL is also a potential target for NO, since the PFL-activating enzyme that is required for PFL activity contains an [Fe-S] cluster (Vey et al., 2008) . Thus, the regulation of pyruvate oxidase expression by NsrR might provide an alternative route for pyruvate metabolism in cells exposed to NO.
DISCUSSION
The cellular concentration of a transcriptional regulator is, potentially, an important determinant of the likelihood that its binding site(s) will be occupied. Yet, until recently, measurements of concentrations were available for only a very small number of proteins. This knowledge gap has now been partially filled for E. coli, by high-throughput measurements of regulator abundances using immunological and fluorescence-based (Yamamoto et al., 2014) methods. Excluding the high-abundance nucleoid proteins, the estimated concentrations of regulatory proteins range between v50 and *1500 molecules per genome in exponentially growing cells . Measurements of protein-GFP fusions suggest a concentration range of three orders of magnitude for different regulatory proteins in growing cells (Yamamoto et al., 2014) . Note that NsrR concentration was not measured in these studies, and we have been unable to detect NsrR by Western blotting (using a strain with a GTG start codon), which is consistent with a low cellular abundance. In general, 'global' regulators with multiple targets have higher abundances . The seven proteins with very low concentrations (v50 molecules per genome) have between one and five regulatory targets . In this paper, we show with a translational fusion [a technique similar to that used by Yamamoto et al. (2014) ] that the abundance of NsrR is below the detection limit of the reporter enzyme assay. NsrR appears to be unusual in being a low-abundance regulatory protein with a relatively large number (w10) of target promoters. Consequently, high-affinity NsrR binding sites are likely to be preferentially occupied, leaving low-affinity sites potentially vacant (maybe in a fraction of the population), leading to partial promoter de-repression. Small increases in NsrR abundance would be expected to restore full repression to RNA was extracted from a wild-type strain (MG1655; lanes 1, 3, 5, 7, 9 and 11) and from an nsrR mutant (JOEY238; lanes 2, 4, 6, 8, 10 and 12). After cDNA synthesis PCRs were primed with the indicated pairs of primers. The expected sizes of amplification products were: P1/P2, 1071 bp; P1/P3, 739 bp; P2/P4, 1373 bp; P3/P4, 1041 bp; P4/P7, 323 bp; P5/P6, 1520 bp. Faint bands are PCR artefacts that were not seen in control reactions containing genomic DNA as the template (not shown). Control reactions from which reverse transcriptase was omitted generated no PCR products. Strains with the indicated genotypes were grown anaerobically to late exponential phase in rich medium supplemented with 20 mM glucose and 10 mM acetate. The units of enzyme activity are mmol min 21 (mg protein) 21 and are the means of three determinations from independently grown cultures. The plasmid pJP07 expresses nsrR from its own promoter and is a derivative of p2795 (Rankin et al., 2008) .
promoters in this category. Our data (Fig. 1, Table 2 ) suggest that simply changing the start codon of nsrR increases NsrR abundance sufficiently to have measurable effects on NsrR targets that are consistent with the model just described. It follows that any growth conditions leading to upregulation of nsrR expression would have similar effects, though we have yet to identify any such conditions.
During the course of these experiments we identified sufABCDSE and poxB as novel targets for NsrR regulation. Apparent control of poxB by NsrR results from read-through transcription from the upstream hcp-hcr genes and is, therefore, superimposed on mRNA synthesis from the NsrRindependent poxB promoter (Chang et al., 1994) . Recent measurements show that only a small proportion of transcriptional terminators in E. coli can be considered strong (Chen et al., 2013) , and there is evidence of pervasive read-through of terminators (Conway et al., 2014) . The fact that we can measure changes in pyruvate oxidase activity in response to NsrR suggests that read-through from hcp-hcr into poxB may be physiologically significant.
